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1%Rh NMR Chemical Shifts in Organometallic Complexes:
A Combined Experimental and Density Functional Study
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Abstract: Experimental '"Rh NMR
chemical shifts of mono- and binuclear
rhodium(i) complexes containing s- or
as-hydroindacenide and indacenediide
bridging ligands with different ancillary
ligands (1,5-cyclooctadiene, ethylene,

tronic and structural variations on the
spectroscopic signal, and to gain insight
into the efficiency of this computation-
al method when applied to organome-
tallic systems. Scalar and spin—orbit rel-
ativistic effects based on the ZORA

(zeroth order regular approximation)
level have been taken into account and
discussed. A good agreement was
found for model compounds over a
wide range of chemical shifts of rhodi-
um (=10000 ppm). This allowed us to

carbonyl) are presented. A protocol,
based on density functional theory cal-
culations, was established to determine
“Rh NMR shielding constants in
order to rationalise the effects of elec-

Keywords:

Introduction

The importance of rhodium complexes in homogeneous
catalysis is widely documented.'! Rhodium and, in general,
the transition metals of Group VIII are also amenable to
application in a novel research field which has attracted con-
siderable attention in the last decade, that is, the construc-
tion of molecule-sized electronic components,” in which the
electronic and chemical interactions between ligand-bridged
metal groups can be finely tuned for potential applications,
such as switches, current rectifiers and wires.

A rationale of possible correlations between structure and
reactivity, or structure and catalytic activity, remains a chal-
lenging problem and clearly requires an accurate insight
into the molecular and electronic structure, usually obtained
by traditional approaches in organometallic chemistry
through X-ray diffraction and molecular orbital (MO) calcu-
lations. The use of transition-metal NMR chemical shifts for
a particular metal ion is another potentially effective work-
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discuss the experimental and calculated
0('®Rh) in larger complexes and to

ligands . ; !
relate it to their electronic structure.

calculations

ing tool when structural/chemical properties of metal com-
pounds are studied.®’! However, there are some difficulties
in the experimental detection of a '®Rh chemical shift due
to the extremely low gyromagnetic ratio of a '®Rh nucleus
(natural abundance =100 %, 1=1/2, y=—0.8420 %
10’radT's™") and its consequent low sensitivity (about
0.2% that of *C). Nevertheless, a receptivity of about 20 %
that of C is obtained by using reverse-detection tech-
niques, such as heteronuclear multiple bond correlation
(HMBC), in which the directly detected nucleus is the
proton, in cases where 'Rh is spin-spin coupled to 'H.

Some of us have explored classes of multisite bridging li-
gands, that is, fulvalenyl and indenyl spacers, suitable for the
construction of homo- and hetero-bimetallic model com-
plexes, through which electronic communication can be in-
vestigated.”! Recently, we synthesised monometallic rhodi-
um derivatives of s- and as-hydroindacenide and bimetallic
rhodium complexes of s- and as-indacenediide.”! Other re-
search groups studied homo-binuclear complexes of Fe, Co,
Ni and Mn, with the same aromatic 14-n-electron spacers!’)
that have been identified as suitable bridging ligands in view
of the strong electronic interactions between the two coordi-
nated metal centres. Moreover, their structure assures a con-
trol of the distance and orientation between the metal cen-
tres, which may be arranged in a syn or anti configuration
with respect to the rigid bridge plane.

Several research groups have investigated the possibility
of employing '"Rh NMR as a probe to detect the thermody-
namic stability of the complexes and predict their catalytic
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activity. Quantitative studies on the correlation between
O('®Rh) and the rate of CO/PPh; ligand exchange in
[Rh(Cp)(CO),(X)] were carried out by Von Philipsborn and
co-workers, who found that the observed kinetic constants
vary by up to four orders of magnitude in complexes with a
chemical-shift variation of 200 ppm.®! Ohrstrom found a
linear correlation of 6(**Rh) with thermodynamic stability
constants for the replacement of one ethylene in [Rh(acac)-
(C,H,),] (acac=24-pentanedionate) with different olefins,
such as propene, cis- and trans-butene.”! The link between
the stability of transition-metal complexes and catalytic ac-
tivity depends in this case on the ease of the ligand ex-
change, which is favoured by metal deshielding. The review
by Von Philipsborn!"” describes a recent state of the art ap-
plication in which transition-metal nuclear magnetic spec-
troscopy is used to probe possible correlations between
structure and reactivity in organometallic complexes.

Quantum-chemical calculations of the chemical shift of
rhodium may be of great help in rationalising the experi-
mental findings. The method needs to be flexible enough
to cover the wide range of chemical shifts of !®Rh
(~12000 ppm). In addition, because rhodium belongs to the
second transition row, the presence of relativistic effects has
to be carefully investigated. In this respect, ab initio meth-
ods are not an option because of the high demand in com-
putational resources, especially if large mono- and bimetallic
complexes have to be investigated. Instead, density function-
al theory (DFT)!" has proven to be very successful for the
calculation of NMR properties of various nuclei.l'” In par-
ticular, the relativistic treatment implemented by the soft-
ware code ADF (Amsterdam Density Functional)™ allows
the calculation of NMR properties of heavy atoms, with the
possibility of using only scalar relativistic corrections, or to
also consider the spin-orbit coupling."! Recently, a few
computational investigations of the '”Rh chemical shift
have appeared in the literature™ performed at the nonrela-
tivistic GIAO-B3LYP level of theory on complexes bearing
chelating bidentate phosphine ligands and N-donor ligands.
A very good agreement was found with measured '“Rh
chemical shifts.

Calculations of NMR chemical shifts have, in general,
proved to be very sensitive to geometry effects (see below).
Thus, the concomitant need for predetermined structural in-
formation apparently limits any computational approach, es-
pecially when large molecules are considered. On the other
hand, when experimental data are available for comparison,
the calculations are helpful for gaining indirect information
about the molecular structure in solution and the reactivity
at the metal centre.

In this work, we report new experimental '“Rh chemical
shifts, 5('*Rh), of mono- and bimetallic indacenyl rhodium
complexes and compare them with the results of relativistic
DFT calculations. The effect of the molecular and electronic
structures of rhodium complexes on the calculated chemical
shift is discussed, indicating how our computational protocol
is efficient in predicting 6('®Rh) accurately in small mole-
cules and in giving precious information for larger systems
where, as may be expected, a somewhat poorer correlation
is found. Finally, for carbonyl compounds, the relation of
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the rhodium chemical shift with the HOMO-LUMO gap is
discussed. Interestingly, the HOMO-LUMO transition is
not the most important, and higher energy transitions in-
volving low-lying orbitals give a large contribution to the
paramagnetic term of the shielding constant.

Results and Discussion

We measured the '“Rh NMR chemical shift of a series of
rhodium(1) organometallic compounds synthesised in our
laboratories. These are half-sandwich rhodium complexes in
which the metal is coordinated to a cyclopentadienyl moiety,
either a simple cyclopentadienyl ring or the cyclopentadien-
yl part of a larger spacer, as in the case of indenyl, s- and as-
indacenyl bridges. The ancillary ligands can be CO, ethylene
or 1,5-cyclooctadiene (cod). In the case of bimetallic com-
plexes with as-indacenediide, two stereoisomers are avail-
able in which the inorganic groups are disposed on the same
side (syn) or on opposite faces of the bridge (anti). The in-
vestigated systems are reported in Figure 1.

Chemical shifts of rhodium have been measured indirectly
by using HMBC! between the olefin protons of the cod
ligand and the '®Rh atom (Jy_gy~2 Hz) for complexes 10,
12, 13 and 14, and between the H atoms of the methyl
group at the indacenyl 2-position and '“Rh atom (Jy_gy~

a b
L L L L
\ 7 \ S
5 Rh 1 5 Rhl
3 43
1'(L=CO) 1 L=CO)
5 (L, = C,Hy 11(L, = COD)
7 (L = COD)
; 3 3
3(L=CO) 4(L=CO)
13 (L, = COD) 14 (L, = COD)
e f
L L L L LoL
A = Am‘ =
Rh
/>
L L
2 (L=CO) 6 (L=CO)
8 (L = CHy 9 (L = GoHy)
10 (L, = COD) 12 (L, = COD)

Figure 1. Experimentally studied mono- and bimetallic rhodium com-
plexes 1-14. Their data are listed in Table 1.
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2 Hz) for complexes 2, 3, 4, 6, 8 and 9. A typical two-dimen-
sional heterocorrelated NMR spectrum is shown in Figure 2.
Due to the chemical similarity of the various complexes
shown in Figure 1, their chemical shifts cover a relatively
small range of 700 ppm. The experimental values are report-
ed in Table 1, together with the calculated values that will
be discussed later. In Table 2 we also report experimental
chemical-shift data for a set of small complexes of rhodium
shown in Figure 3; these data are taken from the literature,
except for complex 4 which has been measured. The data
were compared with the results of our calculations in order
to assess the validity of the computational approach.
Indacenyl complexes with CO ancillary ligands show the
largest shielding, followed by ethylene complexes and finally
cod complexes (Table 1). For the three pairs of anti/syn bi-

< @ © -550

-500

= @ -450

ppm 40 38 36 34 32

Figure 2. Inverse two-dimensional "H,'”Rh NMR spectrum of a mixture of
anti and syn isomers of complexes 10 and 12. Experimental conditions are
described in the text. On top are the 'H signals of the cod olefins, while on

metallic complexes, 2/6, 8/9
and 10/12, the anti isomer is
always more shielded by ap-
proximately 100 ppm. By con-
sidering the variation in chemi-
cal shift when the bridging
ligand is changed (keeping the
same ancillary ligands) a rela-
tionship might be established
with the hapticity variation.
For example, looking at the ex-
perimental 6('*Rh) of the car-
bonyl derivatives 1’ and 1, and
of the cod derivatives 7 and 11,
it is evident that on changing
from the cyclopentadienyl to
indenyl spacer, the shielding of
1%Rh is progressively reduced.
In order to quantify the haptic-
ity we chose, for the sake of
simplicity, the slip distortion
parameter A=0.5(M—C4+M—
C5)-0.5(M—C1 +M—C3)!*!

(carbon atom labels are indi-
cated in Figure 1). The varia-
tion of 'Rh chemical shifts
with the slip distortion pa-
rameter, calculated on the
basis of X-ray data of cod
complexes, are represented
graphically in Figure 4(I-III).
For a more complete structur-
al description, selected distan-
ces and angles of cod deriva-
tives are summarised in
Table 3. On the basis of the A
values, rhodium is changing
from a slightly distorted #’
coordination in the cyclopen-
tadienyl complex to a combi-
nation of 7’4+ #* in the inden-
yl cod derivative. Thus, the
experimental Rh chemical
shifts reproduce the progres-
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the left are the '®Rh chemical shifts.

Table 1. Experimental chemical shifts, 0('Rh), and calculated shielding constants, o, of the studied mono-
and bimetallic thodium complexes 1-14 (Figure 1). Experimental values are from this work, except for com-
plexes 1, 5, 7 and 11. All values are in ppm.

Oexpt Ocated™ AO o o,
[(indenyl)Rh(CO),] (1) —1038 —1079 41 4355 —4033
anti-[(2,7-dimethyl-as-indacenediide){Rh(CO).},] (2) —1008 —10871¢ 79 4354 —4024
[(2,6-dimethyl-5-hydro-s-indacenide)Rh(CO),] (3) —987 —1034 47 4354 —4077
[(2,7-dimethyl-8-hydro-as-indacenide)Rh(CO),] (4) —972 —929 —43 4355 —4183
[(Cp)Rh(C,H,),] (5) —945lel —1057 112 4351 —4051
syn-[(2,7-dimethyl-as-indacenediide){Rh(CO),},] (6) —-901 —97214 71 4354 —4139
[(Cp)Rh(cod)] (7) —777 —878 101 4350  —4229
anti-[(2,7-dimethyl-as-indacenediide){Rh(C,H,),},] (8) -729 85914 130 4348 —4246
syn-[(2,7-dimethyl-as-indacenediide){Rh(C,H,),},] (9) —652 —808!4 156 4348 —4297
anti-[(2,7-dimethyl-as-indacenediide){Rh(cod)},] (10) —552 —5901! 38 4355 —4522
[(indenyl)Rh(cod)] (11) —48711 —448 -39 4350 —4659
syn-[(2,7-dimethyl-as-indacenediide){Rh(cod)},] (12) —457 —60314 146 4355 —4509
[(2,6-dimethyl-5-hydro-s-indacenide)Rh(cod)] (13) —421 —423 2 4349 —4683
[(2,7-dimethyl-8-hydro-as-indacenide)Rh(cod)] (14) -399 —300 -99 4349 —4806
[(indenyl)Rh(CO),] (1) —1038 —883l¢! —155 4355 —4326
[(2,6-dimethyl-5-hydro-s-indacenide)Rh(CO),] (3) —987 —12441e! 257 4354 —3964
anti-[(2,7-dimethyl-as-indacenediide){Rh(cod)},] (10) —552 —640 —488 4354 —5144
anti-[(2,7-dimethyl-as-indacenediide){Rh(cod)},] (10) —552 —473M -79 4351 —4732
syn-[(2,7-dimethyl-as-indacenediide){Rh(cod)},] (12) —457 —770M 313 4350  —443400
[(2,7-dimethyl-8-hydro-as-indacenide)Rh(cod)] (14) —399 —180M —219 4352 —5026

[a] The reference value for the chemical shift, —757 ppm, is taken from the intercept of the linear fit of
Figure 4; [b] Relativistic scalar ZORA/TZP all-electrons except 4 and 7 for which a TZ2P basis set was used;
[c] Experimental value taken from ref. [16]; [d] For bimetallic complexes the value is the average of the results
obtained for the two centres; [¢] Experimental value taken from ref. [3]; [f] Experimental value taken from
ref. [16]; [g] Fully optimised structure. The reference value is in this case —854 ppm; [h] X-ray structure;® the
employed reference value is —854 ppm; [i] A large difference between the two equivalent centres is calculated
for o, as —4617 and —4251 ppm, respectively.

Table 2. Experimental and calculated chemical shifts, 9('Rh), for the rhodium complexes shown in Figure 3.
All values are in ppm.

[a] [b] [e]

Oexpt Ocaled Ocaled Ad Ocaled Oso
[Rh(Cp)(CO),]¥ (1) —-1322 416 —-1270 —-52 807 388
[Rh(CO)], 7" (2)) —644 —131 -723 79 286 409
[Rh(CO),C1],7 1 (3) 84 —959 105 -21 —552 405
[Rh(cod)],* (4) 677 -1597 743 —66 —1185 407
[Rh(acac)(C,H,),]® (5) 1170 —1950 1096 74 —1548 390
[RhI,(SMe,)], ™ (6) 2958 —4342 3488 -530 —3374 793
[RhBry(SMe,)], ™ (7)) 4532 —5443 4589 -57 —4785 639
[RhCI,(SMe,)], ™ (8") 5226 —5918 5064 162 —5290 596
[Rh(acac);] (9" 8358 —8063 7209 1149 —7478 508

[a] Relativistic scalar ZORA/TZ2P all-electrons; [b] Relativistic spin-orbit ZORA/TZ2P all-electrons;
[c] Spin-orbit contribution to relativistic spin—orbit ZORA/TZ2P all-electrons. [d] Experimental value taken
from ref. [17]; [e] Experimental value taken from ref. [18]; [f] Experimental value taken from ref. [19]; [g] Ex-
perimental value taken from refs. [9,20]; [h] Experimental values taken from ref. [21]; [i] Experimental value
taken from ref. [22].
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Figure 3. Structures of the molecules listed in Table 2. Shading level indi-
cates depth and not atom type.

sive metal deshielding well for both cod and CO deriva-
tives (Figure 4(I)). An interesting observation of Figure 4
is that the variation of the experimental chemical shifts
with the slip distortion parameter exhibits the same trend
and that the effect of the different ancillary ligands is
simply a shift of the values.

DFT calculations of 6("Rh) for model rhodium complexes:
Quantum-chemical methods allow the calculation of the
shielding constant (o), which can be written as the sum of a
diamagnetic (04) and a paramagnetic (o,) contribution, plus
a spin—orbit term (0gp) in cases where spin—orbit coupling is
explicitly considered in the theoretical treatment. Clearly,
only the total shielding constant is physically observable, but
such a breakdown may be quite instructive. The diamagnetic
term is generally constant for a given nucleus in different
compounds, because it depends mainly on the core-shell
electrons, which are not involved in chemical bonding
(therefore it cancels out in the chemical-shift calculation).
The paramagnetic term can be written as the sum of two
contributions (a detailed theoretical treatment can be found
in ref. [27] and references therein): the first one, ogc"’c, is a
sum over all pairs of occupied orbitals and is generally
small; the second term, ogc"’", is a sum over all pairs of occu-
pied virtual orbitals; each term is weighted by the inverse of
the energy gap and is proportional to the magnetic coupling
between the two MOs involved.”” This latter term (o5™")
gives by far the largest contribution to the paramagnetic
term of the shielding constant (¢,) and, being different in
different compounds, is mostly responsible for the variation
in chemical shift.
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Figure 4. Changes in experimental (filled symbols) and calculated (empty
symbols) chemical shifts with the slip distortion parameter A: cyclopenta-
dienyl and indenyl complexes (I), syn- and anti-binuclear as-indacenyl
complexes (II), cyclopentadienyl and syn-binuclear as-indacenyl com-
plexes (III), with the ancillary ligands CO (circles), ethylene (squares)
and cod (triangles). The horizontal axis is the same for each spectrum.

In order to test the accuracy and efficiency of the compu-
tational method we ran calculations for a set of small model
molecules. These were selected for being small in order to
save computational time, and for their simple and non-am-
biguous structure, preferably free from conformational de-
grees of freedom. They were also chosen in order to cover a
wide range of chemical shifts. As one can see in Figure 3
these complexes exhibit both various oxidation states and
coordination geometries of rhodium. Model geometries
were built and then fully optimised at the B3LYP level of
theory (see computational details in the Experimental Sec-
tion). Selected bond lengths and angles taken from X-ray
data, when available, were compared with those from opti-
mised geometries and are indicated in Table 4. When exactly
matched structures were not found, similar complexes were
considered. The agreement between calculated and crystal-
lographic geometries is satisfactory.

For a straight comparison with experimental chemical
shifts (d.,) we need to know the shielding constant of the
reference compound (o). From these terms, the calculated

www.chemeurj.org Chem. Eur. J. 2004, 10, 4029 —4040
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Table 3. Crystallographic and DFT-optimised selected bond lengths (A), angles (°) and slip distortion parame-
ters A (A) of cod complexes.!

7[bl 10[CI llldl 12[CI 13I21 14I21 10Ifl
Rh1-C1 2.233(8) 2.277(8) 2211 2.28(1) 2.187(7) 2.220(7) 2.303
Rh1-C2 2.265(7) 2.243(9) 2.245 2.24(1) 2.231(9) 2.249(7) 2.328
Rh1-C3 2.223(7) 2.28(1) 2.220 2.15(1) 2.228(9) 2.224(6) 2.308
Rh1-C4 2.278(8) 2.30(1) 2.373 2.30(1) 2.324(9) 2.375(6) 2.540
Rh1-C5 2.273(8) 2.252(9) 2362 2.29(1) 2.365(8) 2.371(6) 2.524
Rh1-Q 1.908 1.920 1.928 1.908 1.922 1.968 2.062
Rh1-M1M 2.110(7) 1.997 2.009 1.991 2.002 2.001 1.997
2.039 2.049 2.059 2.068 2.054 2.030 2.056
Rh1—M2M 2.120(8) 2.007 2.005 1.922 2.013 2.022 2.007
2.039 2.043 2.062 2.045 2.068 2.070 2.044

M1-Rh1-M2 87.2 87.8 87.6 86.1 87.5 87.3 87.8
86.7 86.7 86.9 86.4 86.9 87.1 87.6

A 0.04 0.00t 0.15 0.08 0.14 0.15 0.23
Rh2—C1’ 2.30(1) 2.20(1) 2.332
Rh2—C2’ 2.28(1) 2.18(1) 2.339
Rh2—C3’ 2.26(1) 2.25(1) 2.286
Rh2—C4' 2.288(8) 2.35(1) 2.518
Rh2—C5' 2.243(9) 2.33(1) 2.526
Rh2-Q"¢! 1.915 1.918 2.061
Rh2-M1'M 2.006 1.980 2.006
2.046 2.051 2.053
Rh2—-M2'M 1.997 1.995 1.997
2.040 2.043 2.041

M1'—Rh2-M2’ 87.3 86.9 87.3

86.7 86.5 87.1

A —0.021 0.12 0.21

[a] Standard deviations, when available, are indicated. The X-ray and DFT distances Rh—Cp are equal because
constrained geometry optimisations were performed; in the other cases DFT-calculated values are reported in
italics; [b] X-ray structure taken from ref. [24]; [c] X-ray structure taken from ref. [6¢c]; [d] X-ray structure
taken from ref. [25¢]; [e] X-ray structure taken from ref. [6b]; [f] These data are referring to DFT fully opti-
mised geometry; [g] Q and Q' denote the centroids of the cyclopentadienyl moieties; [h] M1, M2, M1" and M2’
denote the middle points of cod olefinic bonds; [i] A values were calculated referring to the couples of atoms
C5—C6 (C5'—C6') and C1—C3 (C1'—C3'), as for all complexes 7 and 11-14. In complex 10, zero and negative
values are due to the fact that the distances Rh1—C5 and Rh2—C5’ are uncommonly short (ref. [26]) and the
typical slippage towards C2 and C2' is not encountered.

Table 4. Crystallographic and DFT-optimised selected bond lengths (A) and angles (°) of complexes 1'-9".1

1 2
Rh—Co Rh—Q A Ceo—Rh—Q  Rh—C,—O Rh—CO C-Rh—C
1.808(2)"  1.936(2) 0.018 135.1(1) 177.8(2) 1.96(6) 105.5(26)1!
1.8551 2.0171 0.013" 134.21 179.31 1.949 109.5

3

Rh—Cl1 Rh—CI2 Rh—CO(1) Rh—CO(2) Cl1-Rh—CI2 C1-Rh-C2  Rh—C1-O1
2.353(5)1 2.342(6)! 1.792)' 1.86(2)! 91.7(2)t 95.2(11) 176.8(18)!!
2.436 2.435 1.859 1.859 94.1 95.3 179.6

q 5

Rh—M! M—-Rh-M'  Rh-O Rh—C1 Rh—C2 O-Rh—-O Cl1-Rh—C2
2.143d 8451 2.051(4)M 2.129(5)M 2.125(6)" 90.9(2)MM! 37.6(2)M
2.204 83.6 2.073 2.169 2.169 90.9 37.5

¢ 7 8 9

Rh-S Rh-1 Rh-S Rh—Br Rh-S Rh—Cl Rh—O
23021 2,691 230211 - 230211 2.2510 1.999(mI
2.449 2.813 2.429 2.590 2417 2.442 2.035

[a] Standard deviations, when available, are indicated; DFT-calculated values are reported in italics; [b] From
the X-ray structure of [Rh(Cp)(CO)(PPh;)] (PIFREB);®! [c] In this case from model DFT fully optimised
structure; [d] From the X-ray structure of [Rh,(CO),,] (FOWTIU);*! [e] From the X-ray structure
(BOZWOC);™ [f] M denotes the middle point of cod olefinic bonds; M—Rh—M' indicates the angle formed
by rhodium and the two middle points of the olefine bonds in a cod group; [g] From the X-ray structure
(HUFQEE);”" [h] From the X-ray structure;!™ [i] From the X-ray structure of trans-[Rh(CO),I,] ;"
[I] From the X-ray structure (CLMSRH);* [m] From the X-ray structure (ACACRH10).5¥
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chemical shift, O, is ob-
tained as o0,;,—0. Such a refer-
ence compound is missing for
rhodium (see the Experimen-
tal Section) therefore we have
obtained —o, directly from
the intercept of the linear cor-
relation between —o0,, and
Ocxpr- The results are reported
in Table 2. The correlation at
the scalar ZORA/TZ2P level
is very good, as shown in
Figure 5 (the correlation coef-
ficient is 0.999, the slope of the
linear fit is 0.987 and o, is
—854 ppm), except for com-
pounds 6’ and 9’ which are not
included (ZORA =zeroth or-
der regular approximation;
TZ2P = (triple-Z plus two po-
larizations). The deviation ob-
served for compound 6’ is ex-
pected. In fact, when several
heavy atoms, typically iodine,
are bonded to a centre, strong
spin-orbit coupling effects are
observed.®! A scalar relativis-
tic approach is, therefore,
unable of correctly describing
the shielding at the central
atom. However, such a devia-
tion is totally recovered at the
spin—orbit ZORA/TZ2P level
of theory (Figure 5). Again, we
observed the exception of
compound 9" which did not
correlate so well with the ex-
perimental data. We repeated
the calculation of the shielding
constant of compound 9’ at the
scalar ZORA/TZP level of
theory (TZP=triple-¢ plus
one polarization), freezing the
distance Rh—O to the crystal-
lographic value (see Table 4)
and we obtained a poorer
value, that is, o=—7236 ppm.
The reason for this slight disa-
greement, which also led us to
test a different functional (see
computational details in the
Experimental Section), is un-
clear and will not be investi-
gated further.

The results obtained with
the smaller basis set, TZP, still
at the scalar relativistic level,
are almost indistinguishable
from those obtained with the
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Figure 5. Correlation between the experimental chemical shift, d.yy, of
1BRh and the negative calculated shielding constants, —0, in the com-
pounds shown in Figure 4. @ =sc(=scalar ZORA)/TZ2P with linear fit
(a+bx), not including 6’ and 9', a=854, b=0.987, R=0.999; 0 =sc/TZP;
0 sc¢/DZ; # =sc/TZP Rh-3d frozen core with linear fit, a=40, b =0.860,
R=0.997; % —nonrelativistic/TZP Rh-3d frozen core; A=sc/TZ2P Rh-4p
frozen core with linear fit, a=—413, b=0.664, R=0.994; v =sc/TZP
Rh-4p frozen core; & =nonrelativistic/TZP Rh-4p frozen core; m=spin—
orbit/TZ2P with linear fit, not including 9, a=451, b=0.949, R=0.999;
the data points at this level of theory are displaced by —3000 ppm for
clarity.

larger TZ2P level (see Table 5). This important finding
allows us to safely use the less-expensive TZP basis set for
the calculation of the Rh shielding constant in the large

Table 5. Calculated shielding constants (o) at different levels of theory for some of the rhodium complexes

shown in Figure 3. All values are in ppm.

heavy atoms are only available for ZORA relativistic calcu-
lation in ADF). Apart from the known systematic error due
to the use of frozen-core basis sets, the correlation appears
to be somewhat worse compared with the results at the
scalar relativistic level. This result is expected for a second-
row transition metal such as rhodium.

Therefore, the result of this set of calculations is that a
qualitative correlation for the chemical shift of '®Rh can be
obtained even with small and/or frozen-core basis sets. For a
more quantitative result, an all-electrons TZP basis set is at
least recommended. Scalar relativistic effects also need to
be taken into account. In fact, for heavy transition metals
such as rhodium, the relativistic contraction of the s and p
inner electron orbitals has large effects on the diamagnetic
part of the shielding constant and indirectly affects d and f
orbitals, an expansion effect which is in turn reflected in
o, 1

The spin—orbit coupling contribution to the shielding con-
stant is rather large. However, it is roughly constant for
most compounds, therefore it cancels out in the calculation
of the chemical shift, J .. If we are interested only in ob-
taining a tool for a quantitative prediction of the '“Rh
chemical shift in various compounds, the contribution
coming from spin—orbit coupling can be ignored. A similar
conclusion was drawn in ref. [36] for xenon compounds. Of
course, spin—orbit coupling cannot be ignored if more than
one heavy nucleus, typically iodine, is bonded to rhodium,
as in compound 6, in which the spin—orbit contribution to
the shielding constant is about
twice as large as that in other
compounds with ligands con-
taining only light atoms.

acalcd[a] Ucalcd[b] Gcalcd[C] ”calcd[d] Ucalcd[e] Gcalcd[f acalcd[g] .
[Rh(Cp)(CO),] (1) 409 361 1226 1227 1011 1070 s DFT calculatl({ns of 3(*’Rh)
[Rh(CO)], (2) ~126 ~194 866 881 685 592 334  for half-sandwich cyclopenta-
[Rh(CO),Cl],” (3) 955 —968 466 468 327 —147 —371  dienyl, indenyl and indacenyl
[Rh(cod)],* (4) —1585 1385 -32 -27 -201 —697 -975  rhodium complexes: We now
[Rh(acac)(C,H,),] (5) —1940 —1748 —435 —427 —598 —-987 —1245 turn our attention to the ex-
[a] Relativistic scalar ZORA/TZP all-electrons; [b] Relativistic scalar ZORA/DZ all-electrons; [c] Relativistic perimentally studied mono-

scalar ZORA/TZ2P rhodium frozen core, Rh-4p; [d] Relativistic scalar ZORA/TZP rhodium frozen core,
Rh-4p; [e] Nonrelativistic/TZP rhodium frozen core, Rh-4p; [f] Relativistic scalar ZORA/TZP rhodium frozen

core, Rh-3d; [g] Nonrelativistic/TZP rhodium frozen core, Rh-3d.

mono- and bimetallic complexes. The agreement is worse
when the relatively small DZ (DZ=double-{) basis set is
employed. The correlation coefficient is still rather good
(0.994) but the slope of the linear fit is now 0.862. The use
of frozen-core basis sets, especially for the heavy atom Rh
has also been investigated. In Figure 5 and Table 5 we also
show the data obtained for a basis set with a frozen core up
to 3d and 4p electrons for rhodium, and an all-electrons
basis set for the other atoms. As we see, a systematic under-
estimation of the shielding constant is calculated by freezing
the core electrons up to the 3d and 4p levels. In fact, the
slope of the linear fit is only 0.869 and 0.664, respectively.
Finally, we have calculated the shielding constant at the
nonrelativistic level, still with a frozen-core basis set for rho-
dium (all-electrons basis sets for rhodium, and many other
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and bimetallic compounds 1-
14, as shown in Figure 1.

The shielding constants have
been calculated at the relativis-
tic scalar ZORA/TZP all-elec-
trons level of theory, except for compounds 4-7 for which
the TZ2P basis set was used (see Table 1). The results of the
bimetallic complexes are estimated as the average of the
two rhodium atoms, which, because of small geometrical dis-
tortions, may not be perfectly equivalent. The correlation
between experimental and calculated values is shown in
Figure 6. The correlation coefficient is 0.961, the slope of
the linear fit is 1.073 and o,; is —757 ppm. The average devi-
ation of calculated chemical shifts from the experimental
values is 82 ppm, with the largest of all being 156 ppm. This
is a rather good result if we keep in mind 1) the neglect of
conformational effects in the calculation, and 2) the large
dependence of the chemical shift on the structure; in the
present treatment, we also neglected solvent effects because
no coordination phenomena of the solvent are believed to
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Figure 6. Correlation between the experimental and calculated chemical
shift of '®Rh in the studied mono- and bimetallic complexes: @ =geome-
tries optimised with constrains with linear fit a+bx: a=757, b=1.073,
R=0.961; o =X-ray geometries; A =optimisation with no constrains.

occur. However, despite the difference in chemical shift
among our various Rh complexes being quite small (with all
the values being within just 700 ppm) some general trends
of the experimental results are well reproduced by the cal-
culations (see Figure 4(I-1IT)).

Of paramount importance seems to be the effect of using
the wrong geometry for a calculation of NMR chemical
shifts: Biihl"*¥ investigated the influence of the geometry by
computing the metal shift for several fixed rhodium—ethy-
lene distances in [Rh(acac)(C,H,),] and found a large de-
pendence of the 6('*Rh) on the Rh—C bond length (more
than 100 ppm per 0.01 A). In the half-sandwich rhodium
complexes, the relevant geometrical parameters which
mostly affect 5('”Rh) are the distance Rh—Cp, the metal
hapticity and the spatial disposition of the ancillary ligands.
Therefore special care was needed in optimising the geome-
tries of our complexes. X-ray data are available only for cod
derivatives (see Table 3). The geometries of CO and ethyl-
ene complexes were obtained by starting from the backbone
of the analogue cod derivative and substituting the ancillary
ligands. The accuracy of this assumption was further sup-
ported through a search in the Cambridge structural data-
base.’) X-ray data of indacenyl-bridged rhodium complexes
are only available with the ancillary ligand cod; however,
numerous structures include the rhodium-cyclopentadienyl
and rhodium-indenyl units. In most cases the former ex-
hibits almost perfect 7’ coordination. For example, A is
0.018 A in [Rh(CO)(Cp)(PPh;)] (PIFREB),*! 0.033 A in
(i7°-cyclopentadienyl)(;>-ethene)(5*1,2-diphenylethene )rho-
dium (XISYUT),® 0.039 A in (7’-cyclopentadienyl)(i’-
ethene)(i7*-tetrafluoroethylene)rhodium (CPEFRH),*! and
0.011 A in (#’-cyclopentadienyl)(;*-ethene)(#7*-sulphur diox-
ide)rhodium (CPSXER)."” A search of rhodium indenyl
complexes gave 79 structures, for which the slip distortion
parameter can vary by about 0.08 A. For example, A is
0.200(7) A in dicarbonyl(s*-indenyl)rhodium (VATYUK),?!
0.205(5) in dicarbonyl(;’-4,5,6,7-tetramethylindenyl)rhodi-
um (KUWPOH),™ but decreases to 0.186 A in (—)-dicarbo-
nyl(;°>-2-menthyl-4,7-dimethylindenyl)rhodium (MIFFIQ).[*!
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The A value is 0.161 A in bis(j>-ethylene)(’-indenyl)rhodi-
um,* 0168 A in (—)-bis(y’-ethylene)(s’-2-menthyl-4,7-di-
methylindenyl)rhodium (MORCOL)"* and 0.118 A in [uy-2-
(7°-cyclopentadienyl)-2-(77°-indenyl)propane |bis[bis(17*-ethyl-
ene)]dirhodium (POZTIH).* Finally, A is 0.152 A in (3
cod)(y’-indenyl)rhodium(HAPPET),”! but decreases to
0.122 A in (y*cycloocta-1,5-dienyl)(5’-2-menthyl-4,7-dime-
thylindenyl)rhodium (MORCIF)*! and to 0.116 A in
(=)-(n*-cycloocta-1,5-dienyl)(5°-2-menthylindenyl)rhodium
(MORCEB).™! The A values extracted from the cod deriva-
tives’ backbones and also imposed by us to CO and ethylene
cyclopentadienyl indenyl and indacenyl complexes (Table 3)
are acceptable distortion parameters falling in the range of
those measured in structurally similar ethylene and carbon-
ylated compounds.

We then optimised all geometries keeping the five distan-
ces rhodium—carbon frozen, thus maintaining a fixed posi-
tion of rhodium with respect to the coordinated cyclopenta-
dienyl moiety of the spacer. In fact, nonconstrained geome-
try optimisations of {Rh(cod)} derivatives, at the B3LYP/
LANL2DZ,6-31G** level of theory with Gaussian 98, lead
to a noticeable displacement of rhodium from its crystallo-
graphic position;*! for example, calculated distortion slip
parameters of fully optimised 10 are 0.23 and 0.21, as report-
ed in Table 3. Keeping the Rh-cyclopentadienyl moiety
frozen means that no hapticity variations were allowed in
the calculations, that is, the crystallographic position of rho-
dium in the cod derivatives is assumed to persist also in so-
lution. This choice turned out to be adequate, since the cor-
relation between calculated and experimental chemical
shifts is quite good.

The coordination mode of rhodium is crucial for deter-
mining the complex reactivity, as a hapticity reduction corre-
sponds to an increase in the electrophilicity of the metal
centre, occuring as a consequence of the electron density on
the metal diminishing."! In particular, in the case of indenyl
and indacenyl ligands, the slippage of the metal from an 3’
to an 7’ 4° bonding mode may induce an increase in the ar-
omatic character of the benzene ring and the simultaneous
disruption of the aromaticity of the five-membered ring to
form an allylene electronic structure of higher energy. The
slippage of the rhodium atom in these polycyclic, aromatic
bridged complexes is also accompanied by the folding of the
cyclopentadienyl moiety, as expected in the presence of rele-
vant contributions coming from an #*-bonding mode.[*
Hapticity changes should be clearly reflected in (**Rh), as
small changes in the coordination sphere usually result in
significant changes in the paramagnetic contribution of the
chemical shift for transition-metal nuclei."

Most of the results for the smaller monometallic com-
plexes are in better agreement with experimental values
than those for the larger bimetallic complexes. Chemical-
shift differences for pairs of homologous compounds are
rather well reproduced: for the anti complexes, the calculat-
ed A6(10,8) and A6(10,2) are 269 and 497 ppm, respectively
(experimental: 177 and 456 ppm), while for the syn isomers
the relative calculated values Ad(12,9) and Ad(12,6) are 205
and 369 ppm, respectively (experimental: 195 and 444 ppm).
Therefore, the decrease in shielding of the Rh nucleus as
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the ancillary ligands are changed from CO to ethylene and
finally cod, is correctly reproduced for both syn and anti iso-
mers at a semiquantitative level (see Figure 4).

In Figure 6 and Table 1 we also show the chemical shift of
rhodium for complexes 10, 12 and 14 calculated using the X-
ray structures, and for complexes 1, 3, 5 and 10 obtained
after a full geometry optimisation. As we have already men-
tioned, if no constrains are imposed during the geometry op-
timisation, the position of rhodium with respect to the bridg-
ing ligand changes dramatically towards a more pronounced
7° coordination and the distance with respect to the cyclo-
pentadienyl moiety increases® (see Table 3). As a result,
the calculated chemical shift for these geometries largely
disagrees with the experimental value. We have studied
complex 5 in more detail. From gas-phase electron diffrac-
tion data, the distance between rhodium and the centroid of
the cyclopentadienyl moiety is known to be 1.907(3) A.1*
We performed free and constrained geometry optimisations
varying this distance, that is, slightly increasing and decreas-
ing the experimental value (see Table 6). The calculated
chemical shifts for the wrong
geometries are in large disa-
greement with the experimen-
tal values. In contrast, at the

Table 6. Calculated chemical shifts for complex 5 (Figure 1) at selected
rhodium—cyclopentadienyl distances. All values are in ppm.

Rh—QF [A] 04 Op Ocaled Ao

2.018 4351 —4496 —612 —333
2.006! 4351 —4451 —754 —191
1.907 4351 —4051 —1057 112
1.863 4351 —3882 —1226 281

[a] Q indicates the centroid of the cyclopentadienyl ring; [b] Fully opti-
mised geometry.

reflected in 6('®Rh), as we observed a progressive measured
and calculated downfield shift on going from cyclo-
pentadienyl derivatives to indenyl-monometallic complexes.
This is due to a major contribution or availability of a less-
shielded and coordinatively unsaturated 16-electron rhodi-
um centre, which is commonly correlated to an increased re-
activity of the complex.

In the case of bimetallic as-indacenediide bridged species,
the comparison with monometallic analogous complexes is
not straightforward because the electronic distribution in

Table 7. Selected bond distances (A) and angles (°) of DFT-optimised CO and ethylene half-sandwich rhodi-
um complexes and analogous crystallographic parameters in complexes of similar structure.!

experimental distance a good Rh—C1"! Rh—C2"! C1-Rh—C2 Rh—C1-0O1 Rh-C2-02
agreement is found. This fur- 1 1.898 1.899 93.2 178.4 178.4
ther confirms the importance i jggz ;z;’g Zi-;’ ; ;g; ; ;7)3
of the distance between the : ’ ” ) ’
rhodium and cyclopentadienyl Rh1-C1" Rh1-C2" CI-Rh1-C2 Rh1-CI-O1 Rh1-C2-02
centroid in these organometal- 2 1.891 1.890 91.5 179.2 179.5
lic complexes. 6 1.889 1.893 91.7 179.0 179.2
Indeed, as already noted in 5 5
Rh2—C1'™ Rh2—C2' Cl'-Rh2—-C2’ Rh2—-C1'-O1’ Rh2—C2'-02’

ref. [36], the results from the 1.890 1.891 1.6 179.4 179.8
calculation of NMR properties ¢ 1.899 1.891 92.0 178.7 176.4

at this level of theory can be
taken as indicators of the cor- Rh—C1H Rh—C2H Rh—C31 Rh—C4l M, Rh—M;,!

. 5 2.159 2.158 2172 2.173 95.1

rectness of a given structure.

On the other hand, the results Rh1-C1 Rh1-C2 Rh1-C3l! Rh1-C4fl M,,—Rh1-M,,¢
of the calculations on the few 8 2.164 2.170 2.163 2.175 95.4
available X-ray structures also 9 2.167 2.174 2.155 2.183 94.6

appear to be less well correlat- y

d th ined imised Rh2—C1'l Rh2—C2') Rh2—C3' Rh2—C4' M,,—Rh2-M,, !
cd than constramned optimised ¢ 2.169 2.165 2.159 2176 95.4
structures. This indicates thata ¢ 2.195 2.195 2.149 2.183 95.6
certain structural relaxation
takes place in solution; in par- Rh—C1" Rh—C2M C1-Rh—C2 Rh—C1-0O1 Rh—C2-02
ticular, being that the hapticit . 1.894 1.894 o4 1784 1784

: » bemng puctty 3 1.890 1.890 945 178.4 178.4
is the same in X-ray and DFT-
optimised  geometries, this Rh—C1" Rh—C20! C1-Rh—C2 Rh—C1-01 Rh—C2-02
mainly involves the conforma-  a 1.866(5) 1.857(5) 922(2) 179.5(5) 178.2(5)
tion of the ancillary ligands. In ble! 1.861(2) 1.865(3) 90.19(11) 178.0(3) 177.8(3)
Table 7 we have reported se- Rh—C1 Rh—C2f Rh—C3l Rh—C4ldl M,,~Rh—M,,¥
lected bond lengths and angles ¢ 2.15(2) 2.13(2) 2.14(2) 2.15(2) _
to describe rhodium coordina-  d" 2.127(3) 2.147(3) 2.145(3) 2.148(3) 95.2

tion to the ancillary ligands
CO and ethylene, taken both
from X-ray data and DFT-op-
timised structures.

We have shown how crystal-
lographic hapticity changes are
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[a] Standard deviations, when available, are indicated; DFT-calculated values are reported in italics; [b] C1—
C2 and C1'-C2’ are the carbon atoms of the CO ligands; [c] C1-C4 and C1'—C4’ are the carbon atoms of the
ethylene ligands; [d] M;; indicates the middle point of the olefine bond Ci-Cj; [e] DFT fully optimised struc-
tures; [f] From X-ray structure of dicarbonyl(’-4,5,6,7-tetramethylindenyl)rhodium (KUWPOH);®! [g] From
X-ray structure of (—)-dicarbonyl(;>-2-menthyl-4,7-dimethylindenyl)rhodium (MIFFIQ);*! [h] From X-ray
structure of (i°-CpCMe,CyH;)Rh(C,H,),;*! [i] From X-ray structure of (—)-bis(s>-ethylene)(s’-2-menthyl-4,7-
dimethylindenyl)rhodium (MORCOL).[*)

www.chemeurj.org Chem. Eur. J. 2004, 10, 4029 —4040


www.chemeurj.org

Chemical Shifts of Rhodium

4029 —-4040

the metal environment is very different in as-indacenide and
as-indacenediide derivatives. For example, in the case of 10
and 14, two distinct orientations of the ancillary ligand cod
are mainly controlled by the electronic structure of the
spacer.”]

Concerning the bimetallic complexes, the existence of two
stereoisomers allows interesting considerations (see Fig-
ure 4(II)). In solution a single signal is observed for each bi-
metallic species since the environment of the two rhodium
nuclei is equivalent; 5('*Rh) of anti complexes 2, 8 and 10
is shifted about 100 ppm highfield with respect to that of the
syn complexes 6, 9 and 12. A more pronounced 7’ character
in Rh—Cp bonding is expected in the syn complexes, also on
the basis of crystallographic data and is due mainly to steric
reasons: in an attempt to counterbalance the hindrance of
the two adjacent inorganic groups, both rhodium centres slip
away and the as-indacenediide bridge strongly bends losing
its aromaticity. Calculated Ad(2,6) and Ad(8,9) are in very
good agreement with the experimental values. In contrast,
calculated A6(10,12) does not reflect the expected trend.
We believe this can be ascribed to geometry effects. In fact,
in contrast to the anti conformer 10, calculated 6(**Rh) of
the syn conformer 12 does not correlate well with the exper-
imental value (Figure 4). In its optimised molecular struc-
ture, in agreement with X-ray data, the two ancillary ligands
cod have nonequivalent orientations. This is reflected in the
two distant values of the calculated 6(**Rh) for the two ad-
jacent nuclei. In this case, the average value poorly describes
the true rhodium environment in solution and confirms that
the sensitivity of the metal chemical shift is due to subtle ge-
ometry variations.[*’)

Analysis of the paramagnetic shielding constant: A qualita-
tive understanding of the variations of the chemical shift
and how these are affected by the electronic structure of the
complex, in particular by the presence of different ancillary
ligands, can be gained by breaking down the o*l;“'v“ contribu-
tion into its separate components, following ref. [27]. We
start our analysis with [Rh(Cp)(CO),] (1'): The contribution
coming from the occupied virtual orbitals is by far the domi-
nant term since it accounts for the large paramagnetic con-
tribution to the shielding constant. The most important
terms of the sum over all the occupied virtual transitions are
reported in Table 8. The sum is very slowly convergent be-
cause, for example, after including the ten most important
contributions, there is still a difference of about 1000 ppm in
the value of O‘EC'V“ (—3562 ppm). However, a qualitative
analysis can be made by inspection of the few terms report-
ed in Table 8. The most important transition contributing to
the paramagnetic shielding constant is the HOMO—-4—
LUMO. The HOMO—4 is essentially a thodium d orbital, a
nonbonding MO, while the LUMO is a combination of rho-
dium d orbitals with a relatively small contribution of ligand
p orbitals. The situation is therefore very similar to the case
of ferrocene discussed in ref. [27]. Essentially the same can
be said for the second most important contribution to the
paramagnetic shielding term. A qualitatively different situa-
tion is, instead, observed for the third most important contri-
bution shown in Table 8. The transition is characterised by a
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Table 8. Contribution to the shielding constant for some selected exam-
ples.”! All values of o are in ppm.

o a4 o, ogc"'" AE. i
[eV]
1 1011 4397 -3386 —3562  2.520
HOMO-4 — LUMO —789 491
HOMO-1 — LUMO+1 —417 402
HOMO-16 — LUMO+2 —299  10.07
7 824 4389 —3565 —4063  2.620
HOMO-2 — LUMO —1524  3.65
HOMO-1 — LUMO+1 —421 457
HOMO — LUMO —269 2.62
4 818 4396 —3578 —3683  2.46M
HOMO-6 — LUMO —620  4.84
HOMO — LUMO —277 246
HOMO-3 — LUMO —247  4.06
HOMO-2 — LUMO+1 —196  3.58
HOMO-28 — LUMO+3 -177 10.16
12 329 4388 —4058 —4508  2.60"
HOMO-3 — LUMO —917 343
HOMO-3 — LUMO+1 —513 358
HOMO-1 — LUMO —255  2.60

[a] Nonrelativistic scalar ZORA/TZP Rh frozen core

[b] HOMO-LUMO gap.

Rh-4p;

very large energy gap. Therefore, there is intrinsically strong
magnetic coupling between the two MOs involved. The
HOMO-16 is a bonding orbital between the d,, rhodium
orbital and the carbonyl p, orbitals (that is along the CO
axes), while the LUMO+2 is an antibonding orbital be-
tween the rhodium d, and dxz—yz with the p orbitals localised
on the carbonyl moiety. This strong magnetic interaction
seems to be characteristic of carbonylated species. In fact, it
is absent in complex 7, [Rh(Cp)(cod)], also reported in
Table 8. It gives an additional contribution to the shielding
of rhodium in complexes with carbonyl ligands: without this
strong magnetic coupling between a low-energy bonding
MO and an antibonding MO, rhodium in carbonyl com-
plexes would be even more deshielded.

A very similar qualitative picture emerges from the analy-
sis of the results of [(2,7-dimethyl-8-hydro-as-indacenide)-
Rh(CO),], complex4. This is not surprising because the
local environment of rhodium resembles that of complex 1'.
A contribution from a high-energy transition is also present,
being the fifth contribution to the paramagnetic shielding
constant in order of magnitude. The occupied and virtual or-
bitals involved in this high-energy transition for 4 are the
same as for 1" and are shown in Figure 7.

The case of the cod complex 14 is somewhat similar to
the model complex 7. The most important contributions, all
involving frontier orbitals, are mainly from d rhodium orbi-
tals. There is no contribution coming from a high-energy
transition, in contrast to the case of carbonyl derivatives.
Nevertheless, the chemical shift of rhodium in cod deriva-
tives is shifted to higher fields by roughly 500 ppm. Often,
the value of the paramagnetic contribution, g, is correlated
with the HOMO-LUMO energy gap, but in our case this
gap is essentially the same for the four complexes investigat-
ed. However, the HOMO-LUMO transition is not the most
important transition for these rhodium complexes; a similar
behaviour was observed in a study on platinum com-
plexes.[*!] If we look at the energy gap of the most important
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Figure 7. Molecular orbitals of the high-energy transition at the nonrela-
tivistic TZP level Rh-4p frozen core, which contribute to the paramagnet-
ic shielding term in complex 4. Left: HOMO-28; Right: LUMO+3.

transitions contributing to the paramagnetic shielding term
we see, for the cod derivatives, that it is smaller than the
corresponding term in the carbonylated complexes: this is
the reason why rhodium appears to be more shielded in the
former complexes.

Conclusion

A relativistic, DFT computational protocol has been estab-
lished to calculate NMR shielding constants of '®Rh nuclei.
A very good correlation was obtained over the full range of
chemical-shift values. The method was employed to calcu-
late the metal chemical shift of mono-Rh'-s- and -as-hydro-
indacenide derivatives and bis-Rh™-as-indacenediide com-
plexes for a direct comparison with the corresponding exper-
imental values presented here. A satisfactory agreement was
found when the geometries were optimised by keeping the
Rh-Cp distance fixed to the X-ray value in order to avoid
changes in hapticity, while the other conformational degrees
of freedom were allowed to relax. This was possible for cod
derivatives for which X-ray data was available, while for the
other derivatives, the X-ray Rh-Cp distance of the analo-
gous cod derivative was used. The agreement becomes
much poorer if the non-optimised X-ray structures are used
or a full, unconstrained optimisation is performed. This sug-
gests that while the hapticity of Rh in solution is almost un-
changed compared with the solid state, the overall geometry
of the molecule is indeed different due to the relaxation of
crystal-packing effects.

The effect of different ancillary ligands (CO, cod, C,H,)
has been discussed; in particular, the breakdown of the
paramagnetic part of the shielding constant in carbonyl and
cyclooctadienyl analogous complexes revealed that the
biggest contributions involve magnetic coupling of mainly
metal d-based MOs, but that in general the HOMO-LUMO
coupling is not the most important. Moreover, in carbonylat-
ed complexes there is strong coupling between a low-energy
occupied MO and a virtual MO, in the absence of which,
O('®Rh) in these species would be shifted even more high-
field. The calculations also reproduced the trend due to the
hapticity differences reasonably well, and in the case of car-
bonylated and ethylene Rh-as-indacenediide derivatives,
permitted a clear distinction between the two stereoisomers
syn and anti. We believe that the strongest limitation to a
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more precise calculation of 6(**Rh) for large and polynu-
clear complexes is the geometry, since model or crystallo-
graphic structures can be very different from the molecule
in solution. In these cases, the calculations point out the ne-
cessity of taking conformational effects into account for a
complete picture of the electronic structure of the com-
pound of interest and its consequent reactivity.

Studies on shielding/reactivity correlations are in progress.
A possible extension to catalytic systems, providing the op-
portunity to screen potential homogeneous catalysts by de-
termining their '®Rh chemical shift, could have a beneficial
impact on structural and synthesis-oriented organometallic
chemistry.

Experimental Section

General procedures: All reactions and complex manipulations were per-
formed in an oxygen-free atmosphere. The solvents were carefully dried
and deoxygenated before use. The complexes are microcrystalline, air-
stable powders.

The synthesis and characterisation of all bimetallic complexes and mono-
metallic species with cod (1,5-cyclooctadiene) as the ancillary ligand have
been previously described.® The [(2,7-dimethyl-6-hydro-as-indace-
nide)Rh(CO),] and [(2,6-dimethyl-5-hydro-s-indacenide)Rh(CO),] were
obtained by bubbling CO through a solution of the analogous Rh(cod)
derivative in THF (dried and deoxygenated) at —20°C for two hours. Ex-
traction of the reaction mixture with hexane gave the expected product
in an almost quantitative yield.

[(2,7-Dimethyl-6-hydro-as-indacenide) Rh(CO),]: 'H NMR (CD,Cl,
TMS, 298 K): 6=7.146 and 6.910 (AB quartet, 2H, J,5=7.6 Hz; HS and
H4, respectively), 6.604 (m, 1H; HS8), 5.755 (m, 1H; H1), 5.811 (m, 1H;
H3), 3.313 and 3.219 (AB quartet, 2H, J,5=—18 Hz; H6,,, and H6,,,,, re-
spectively), 2.276 (d, 3H, J('®Rh—H) =2.2 Hz; 2-CHj,), 2.207 ppm (s, 3H;
7-CH;); “C NMR (CD,Cl,, TMS, 298 K): 6=191.48 (d, J("*Rh—C)=
86 Hz; CO), 147.65 (C7), 139.68 (C8a), 135.13 (C5a), 124.55 (C8), 120.92
(Cs), 117.14 (C4, C2), 115.38 (Cla), 110.17 (C3a), 74.64 (C3), 74.12 (C1),
43.74 (C6), 16.81 (7-CH;), 16.25 ppm (2-CHs;).
[(2,6-Dimethyl-5-hydro-s-indacenide) Rh(CO),]: 'H NMR (CD,Cl,, TMS,
298 K): 0=7.124 (m, 1H; HS), 6.934 (m, 1H; H4), 6.408 (m, 1H; H7)
5.723 (m, 1H; H3), 5.707 (m, 1H; H1), 3.215 (s, 2H; H5), 2.245 (d, 3H,
J("Rh-H)=22Hz; 2-CH;), 2110 ppm (s, 3H; 6-CH;); “C NMR
(CD,Cl,, TMS, 298 K): 6=190.61 (d, J("*Rh—C)=17.51 Hz; CO), 147.00
(Co6), 144.15 (C4a), 141.09 (C7a), 127.35 (C7), 117.89 (C3a), 115.94 (C2),
115.29 (C8a), 113.37 (C4), 108.36 (C8), 76.60 (C1, C3), 42.34 (C5), 17.02
(6-CHs), 16.26 ppm (2-CH,).

1%Rh NMR: All 'Rh NMR spectra (CD,Cl,, 300 K) were recorded on a
Bruker Avance DRX spectrometer operating at 400.13 MHz, using a
Smm inverse low-frequency probe head with a z-gradient coil
(90°(1H)=7.50 s, 90°(**Rh)=7 us). The HMBC experiments were car-
ried out by using the following sequence: D1-90°("H)-'/, J-90°("*Rh)-¢,/
2-GP1-D16-180°("H)-GP2-D16-£,/2-90°(""Rh)-GP3-D16-ACQ.  Ac-
quisition parameters Dl1=1s, '4J/=0.1s, D16=02ms, GP=1ms,
64 scans were acquired per ¢, increment, block size 2048 x 512 points for
experiment, gradient amplitude: GP1:GP2:GP3=70.1:30:43.3 Gem ™.
After zero-filling in F1, the 2048 x 2048 matrix was transformed by apply-
ing a Qsine weighing function. The spectral width for 'Rh was
5000 ppm; the spectral width for 'H was 10 ppm. The 6(**Rh) values are
in ppm and were calculated by determining the absolute frequency of the
cross peak and relating it to the arbitrary reference frequency (5=
3.16 MHz at 100.00 MHz), which is 12.64 MHz for operation at
400.13 MHz 'H frequency. Acquisition time: 13 h. The concentration of
the samples was 6 x 107 m.

Computational details: All geometries were optimised at the B3LYP/
LANL2DZ-ECP™! level for Rh, 6-31G** for light atoms (H, C and S)
and 6-311G** for the halogens (Cl, Br and I) with the software package
Gaussian 98.°" Density functional calculations were run with the ADF
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code!™ using the Becke-Perdew functional®! at the nonrelativistic level
of theory, scalar relativistic ZORA level and spin-orbit ZORA level.
Various Slater basis sets have been tested: DZ, TZP and TZ2P all-elec-
trons; TZP frozen core up to 3d for rhodium (Rh-3d and all-electrons for
the light atoms); TZP and TZ2P frozen core up to 4p for rhodium
(Rh-4p and all-electrons for the light atoms). The result of the calculation
is the shielding tensor, @, whose isotropic component, o, is considered.
The majority of the calculations have been carried out with the NMR
module of the ADF package® > and some with the EPR module of
ADEF? which allows, at the nonrelativistic level, the breakdown of the
shielding tensor into various contributions and therefore permits a quali-
tative interpretation of the chemical shift.””) A different functional, PBE
(Perdew-Burke-Ernzerhof),’¥ was tested. The shielding constants of
complexes 1'-5" were calculated at the scalar relativistic ZORA/TZP
level of theory. The correlation with the experimental chemical shifts is
almost undistinguishable from that obtained at the same level of theory
using the Becke-Perdew functional and complex 9’ deviates significantly
also in this case. These data are provided in the Supporting Information.
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